Abstract. The development of new, advanced engineering materials and the need for precise flexible prototypes and low volume production have made Micro-EDM and important manufacturing process to meet such demands. The most important parameters in Micro-EDM are the material removal rate (MRR), the tool wear rate (TWR), accuracy and surface texture. The influence of peak current, gap voltage, pulse duration and process parameters plays important role in determining the material removal rate and tool wear rate on Micro EDM. Thus, this paper describes the development of the Micro-EDM based on the tool wear rate and material removal rate of the system using directly mounted APA 400MML actuator as the tool feed control system.
Introduction
Electrical discharge machining, more commonly known as EDM or spark machining, removes electrically conductive material by means of rapid, repetitive discharges from electric pulse generators with the dielectric flowing between the tool and workpiece. No physical cutting forces exist between the workpiece and the tool. The non-contact machining process has been endlessly evolving from a mere tool from before to a micro-scale application machining today. Micro-EDM is the application if EDM in a microfield. The low energy range is becoming more important as the EDM process is used in a microfield. Micro-EDM has similar characteristics as EDM, except the size of the tool, the discharge energy and axes movements are in micron levels. In Micro-EDM, material removal is achieved by preferential erosion of the workpiece electrode as controlled discrete discharges are passed between the tool and the workpiece in a dielectric medium. Basic characteristic required of a dielectric used in EDM are high dielectric strength and quick recovery after breakdown, effective quenching and flushing ability. Tool wear and workpiece removal rates are affected by the media and hydrocarbon compounds and water.
Tool Feed Control System and Machining Parameters
There a few methods studied to slow the rate of the tool wear. Work piece ultrasonic vibration method do increase the Material Removal Rate or MRR but tool wear increase rapidly as shown in Fig. 1 [2] . Based on Fig. 1 , ultrasonic at 4 ampere exceeds 80% of Tool Wear Rate or TWR but decreased when supplied with higher current that is at 8 Ampere (7.1% of TWR) and is still higher than convectional EDM (0.24 % of TWR) [2] . Convectional EDM usually uses stepper motor to control tool feed system. Stepper motor system has been used EDM for a long term. Weakness of the stepper motor is that it is not sensitive enough in Micro EDM.
The electromagnetic current produced in the motor are unpredictable thus the motor is not suitable to control the micro displacement of the tool. When the tool is too near to the work piece, current intensity becomes greater, hence temperature in the spark gap increases rapidly exceeding melting point of the tool. Short circuit also happens when the tool and the work piece touches together and this also ruins the tool surface because of exerted force from an unpredictable stepper motor.
Orbital electrode actuation is proven method in gaining high material removal rate and low wear percentage in drilling [3] . Electrode orbiting is to actuate the electrode on a controlled, circular trajectory. If the orbiting motion is created with a device that allows the radius to be controlled electronically, the motion can be integrated into the EDM machine's control system for tight process control. This motion is controlled by piezoelectric motors and actuators that machines work piece by orbiting electrodes.
Discharge Voltage
The spark gap and the breakdown strength of the dielectric are related to the discharge voltage in micro EDM processes. Current will flow into the system and before it happen the open gap voltage increases until it has created a path that will go through the dielectric. The path that is mentioned before is called the ionization path. When the current is flowing, voltage drops and stabilizes at the working gap level. The preset voltage determines the width of the spark gap between the leading edge of the electrode and the workpiece [3] . If the voltage is set to a high value then the gap will increase, increasing the gap will improve the flushing conditions and helps to stabilize the cut. The open circuit voltage also have an impact to the system, as we increase the open circuit voltage tool wear rate (TWR) and surface roughness increases because the field strength increases.
Peak Current
Peak current is known as the amount of power used in discharge machining which this parameter is measured in amperage and above all this is the most important parameter in EDM machining. During each on-time pulse, the current increases until it reaches a preset level which is express as the peak current. In roughing operations or cavities in large surface areas higher amperage is used. Using higher currents will definitely improve material removal rate (MRR) but it will give an impact on the surface finish and tool wear. Despite the machine cavity is a replica of tool electrode and excessive wear will hamper the accuracy of machining and as a result, all of the above statements is important in EDM. New improved electrode materials, especially graphite, can work on high currents without much damage [6] .
Tool Wear Rate (TWR)
There a few main factors that influence the tool wear in Micro EDM. The tool material, dielectric fluid suitability, tool feed control; polarity and workpiece material are the most important aspect in tool wear. Tool wear can occur in form as in Fig. 2 shows the typical types of wear that have been simulated [1] . There is another tool wear influence that has been studied that is the tool design. Tool design actually plays a vital part in tool wear because design can change thermal distribution and carbon deposition will be thicker if the tool has bigger surface area.
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Material Removal Rate (MRR)
Pulse-on time, peak current and flushing pressure gives direct influence on material removal rate (MRR). It has been observed that MRR increases with the increase in pulse-on time initially but seen to decrease after 10µs. However, MRR is observed to increase with the increase in peak current and flushing pressure. At low Ton for example 1µs, effective machining time is very short and this results in lower MRR. However as the Ton increase the MRR also increases. The discharge energy changes with the change in pulse-on time even when the duty cycle is constant due to the change in frequency of the cycle. That would be the reason why MRR varies with the change in Ton. At shorter Ton the size of the machined particles may be small but due to the high frequency of sparking the off-time is also small and when this couples with the low flushing pressure, the removal of these particles from the machining zone is not easy and this results in low MRR [5] .
Furthermore, at low peak current (0.5A) the discharge energy is also low which has resulted in low MRR. But as the Ip increases, the discharge energy proportionately increases resulting in higher MRR. The low flushing pressure cannot remove the debris particles effectively from the machining zone as such the work surface for machining is not exposed to the discharge sparks and this will results in low MRR. As the flushing pressure increases from 0.1 to 0.5 kg.cm -2 the flushing becomes more effective and removes the debris particles efficiently which results in higher MRR.
Micro EDM Development with Mounted APA 400MML Actuator
Developing of Micro EDM consist of a few stages. Stage 1 is about developing the control circuit and power circuit, stage 2 is about the machine design itself and after assembly, the final stage is the analysis of TWR and MRR of the developed system.
Stage 1: Control Circuit Development
The control circuit consists of 3 main components usage that is a rectifier, multiplexer and a Pulse Width Modulator (PWM). Based on (MOSFET) and these transistor gates only allow unfamiliar or unidentified signals to be processed by the rectifier. After converting the signal to DC, the signal will be send to the summing type OpAmp. At the same time positive signal from the electrode will be compared with a comparative type OpAmp by setting a reference voltage as the limit to prevent the tool from getting to near to workpiece causing high tool wear. If the signal voltage is higher than the reference voltage then the multiplexer will send a signal to the summing OpAmp to retract the PZT (Piezo-Actuator) that is directly connected to the tool. These signals are observed by the PWM that converts the signals to the display. Table 1 shows the setup parameter involved in this experiment. This experiment is to investigate tool wear and material removal rate on using APA 400MML Actuator as a tool feed control system. Fig. 4 show the Micro EDM machine that has been developed using APA 400MML as tool feed control. It also shows the position of the actuator, the tool and workpiece in performing the experiment.
Tool Wear (TWR) & Material Removal Rate (MRR) Result
Each experiment is done for 15 minutes, Fig. 5 show the sample view of the machined surface after an experiment done. Tool wear calculated by using in situ method, where, the difference in tool length before and after machining operation is measured. Measurements are taken for 15 experiments for 5 samples and an average will be calculated for each sample. Table 2 shows the average TWR result and length measurement for 5 samples (15 experiments). Based on Fig. 7 , carbon deposition can be seen all over the body of electrode and this provides better protection for the tool. There is another way in investigating tool wear that is by weighing the tool after each experiment but with carbon deposition, sometimes the tool will be heavier although it has wear off. For this experiment flushing system will be installed in future, so TWR based of tool weight will not be accurate. Based on table 2, TWR decreased in experiment 3 although machining time is constant on all experiment, it may because carbon decomposition has created a layer of protection for the tool (Fig. 6) , so on overall experiment it is found TWR has been reduced. The table shows removed depth, removal length from the workpiece and the machining time of the Micro-EDM. From the experiment of the MRR we can induce that as the higher the gap voltage the lower MRR value obtained. It is very important to control the gap voltage in order to obtain the optimum MRR rate for this machining operation. 
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Observations are made on the tool electrode and the workpiece and there is a lot of carbon decomposition trapped on the surface of the tool and workpiece as you can see in Fig. 6 and Fig. 7 . This is because there is no dielectric flushing flow in the system and that result in carbon decomposition in the tool and workpiece. Carbon decomposition will disrupted the accuracy of the machining of the workpiece. The spark produces bubbles that indicate the machining process is still commencing.
The data for the MRR is compared with the gap voltage obtained during the machining process and the MRR decreases as the gap voltage increases. The material removal rate decreases when gap voltage is getting higher. The space between electrode and workpiece becomes larger when a longer bridging time of neutral particles and ions is caused by the increase of gap voltage. The electrical discharge period also becomes longer, reducing the efficiency of the EDM [4] 
Conclusion
Micro EDM with directly mounted micro actuator (APA 400MML) as tool feed mechanism has been successfully developed. There were number of experiments conducted in order to obtain reliable result, thus it is expected, from the result a mathematical model for the MRR and TWR can be generated. With this the problem of determining MRR and TWR value for Micro EDM is resolved. On the other hand, a new method of tool wear compensation has been developed, which the problem of tool wear in Micro EDM improved. It is need to be further verified by performing more specific analysis in near future.
